The protein 14-3-3σ (stratifin) is frequently described as a tumor suppressor silenced in about 80% of breast tumors. Intriguingly, we show that 14-3-3σ expression, which in normal breast is localized to the myoepithelial cells, tracks with malignant phenotype in two models of basal-like breast cancer progression, and in patients, it is associated with basal-like subtype and poor clinical outcome. We characterized a mechanism by which 14-3-3σ guides breast tumor invasion by integrating cytoskeletal dynamics: it stabilizes a complex of solubilized actin and intermediate filaments to maintain a pool of "bioavailable" complexes for polarized assembly during migration. We show that formation of the actin/cytokeratin/14-3-3σ complex and cellular migration are regulated by PKCζ-dependent phosphorylation, a finding that could form the basis for intervention in aggressive breast carcinomas expressing 14-3-3σ. Our data suggest that the biology of this protein is important in cellular movement and is contingent on breast cancer subtype.
cytoskeleton | motility | 14-3-3 family | triple-negative | basal breast cancer T he majority of breast tumors can be classified into at least five transcriptionally defined intrinsic subtypes that have distinct outcome and predict response to systemic therapy (1) (2) (3) . Among these groups, the basal-like breast cancer (BLBC) subtype accounts for 15-20% of invasive breast cancers. BLBCs are often aggressive tumors of high histological grade that lack the expression of "druggable" targets, such as hormone receptors and human epidermal growth factor receptor 2 (HER2). Accordingly, major effort has been placed on understanding the molecular basis governing BLBCs.
Previously, we have characterized an isogenic culture model of human breast malignant progression HMT-3522 (4) (originally described in refs. 5 and 6), encompassing nonmalignant (S1), premalignant (S2), preinvasive (S3), and tumorigenic (T4-2) cell populations, and have found this model recapitulates a number of features of BLBC progression. Xenograft tumors formed from T4-2, a cell line that became malignant without activation of exogenous oncogenes and after prolong cultivation in culture (5, 6) , display many cardinal features of human BLBCs, including high histological grade; positivity for epidermal growth factor receptor (EGFR) and basal cytokeratins K5/K14; negativity for HER2, estrogen receptor (ER), and progesterone receptor (PR); a high Ki-67-proliferative index; and aggressive invasion into surrounding tissues (4) . Another isogenic cell culture model of breast cancer progression, the MCF10 series, is thought also to recapitulate features of basal-like malignant progression albeit with exogenous oncogene addition (7) (8) (9) . As such, both models are useful tools to dissect molecular events related to breast cancer progression in general and to BLBC progression specifically. The 14-3-3 family of molecular scaffolds is comprised of seven known mammalian isoforms (β, γ, e, η, σ, θ/τ, and ζ) that regulate pathways involved in growth regulation and cell cycle progression through binding and sequestering the subcellular distribution of many ligands (10) (11) (12) . Proteomic profiling of the HMT-3522 progression series (ref. 13 and the current study) identified 14-3-3σ (also known as stratifin, SFN) as a protein expressed at higher levels in malignant T4-2 cells relative to its nonmalignant S1 counterpart. The finding that 14-3-3σ expression followed HMT-3522 malignant progression was surprising, given that this molecule is described broadly as a tumor suppressor; in the breast, it is frequently down-modulated through promoter methylation or proteolysis (the latter particularly in ER-positive tumors) (14) (15) (16) , and it has been shown also to regulate cell polarity through Par3 association and suppress metastasis in mouse models of HER2-positive mammary cancer (17, 18) . Additionally, 14-3-3σ functions as an enforcer of the G 2 /M checkpoint in HCT116 colorectal cancer cells by sequestering cyclin B1 and cdc2 from the nucleus (19, 20) and facilitates mitotic translation in HeLa and U2OS cells (21) . Despite the high frequency of promoter methylation, immunohistochemical analysis, nevertheless, demonstrated that 14-3-3σ silencing at the protein level does not occur as frequently as initially proposed (22) , and in a pilot study, 14-3-3σ was found to be expressed highly in 10 of 12 cases of BLBCs (23) . We, thus, hypothesized that 14-3-3σ may be a useful marker for progression of basal-like breast cancers and may functionally contribute to the aggressive clinical features of this subtype.
Here, we describe a surprising function of 14-3-3σ as a key integrator of the cytoskeletal dynamics necessary for optimal BLBC tumor invasion. We show that 14-3-3σ expression in both the HMT-3522 and the MCF10 BLBC models follows malignant progression, and in patients it correlates with basal immunohis-
Significance
We characterize a mechanism by which 14-3-3σ directs cell migration and tumor invasion through regulating cytoskeletal solubility and dynamics. Our data suggest that 14-3-3σ expression, rather than being a tumor suppressor, in fact, aids in breast tumor invasion at least in a subset of carcinomas. Our findings warrant further investigation into the role of this molecule in normal mammary gland and breast tumors and, indeed, in epithelial tissues and tumors where 14-3-3σ is expressed. To whom correspondence may be addressed. E-mail: mjbissell@lbl.gov or atboudreau@ lbl.gov. tochemical subtype and poor clinical outcome. Using multiple BLBC cell lines, we observed that 14-3-3σ regulates migration and invasion independently of proliferation; instead, it appears to function as a cytoskeletal solubility cofactor that stabilizes and maintains a soluble, bioavailable complex of actin and K5/K17 intermediate filaments for directional assembly into the cytoskeleton as needed for migration. We also show that formation of the actin/keratin/14-3-3σ complex and cell migration is regulated by PKCζ-dependent phosphorylation that can be targeted by pharmacological inhibitors. We propose that 14-3-3σ regulates tumor invasion directly by modulating cytoskeletal dynamics and suggest that patients with high 14-3-3σ expression, the majority of whom have basal-like subtype, may benefit from targeted therapies against 14-3-3σ and/or PKCζ.
Results

14-3-3σ Correlates with Malignant Progression in Two Models of
Basal-Like Breast Cancer. To identify and validate markers of BLBC, we performed 2D gel mass spectrometry of the HMT-3522 progression series (S1 and T4-2). We identified 14-3-3σ as being elevated in the tumorigenic T4-2 cells relative to their nontumorigenic counterpart, S1, which we confirmed by Western blot analysis (Fig. 1A) . Protein levels of 14-3-3σ increased with HMT-3522 progression (5, 6) from S1 (nonmalignant) to S2 (premalignant and EGF-independent) to S3C [preinvasive and highly proliferative (4)], and were highest in T4-2 (tumorigenic and invasive). The σ isoform was the only 14-3-3 family member whose expression followed BLBC malignant progression in this model (Fig. S1) . Similarly, in the MCF10 series, 14-3-3σ expression was found to follow tumor progression (7, 8) from MCF10A (nonmalignant) to MCF10neoT (premalignant and hyperproliferative) and to MCF10DCIS.com [which form comedo-type ductal carcinoma in situ (DCIS) in xenografts] (Fig. S1 ).
To evaluate whether 14-3-3σ functionally contributes to BLBC pathogenesis, we used shRNA silencing to perturb its expression in three basal-like cell lines: T4-2, MCF10DCIS.com, and MDA-MB-231 (Fig. 1B and Fig. S1 ). Whereas 14-3-3σ knockdown did not influence proliferation or cell-cell adhesion (Fig. S1) , it decreased both cell motility and invasion through Matrigel in all three cell lines tested ( Fig. 1 C-E and Fig. S1 ), providing robust evidence that 14-3-3σ regulates BLBC cell motility and invasion. To test the validity of these findings in vivo, we generated xenografts in mice using the parental T4-2 cells and the shRNA sublines. We observed robust 14-3-3σ immunohistochemical staining that was most prominent at the invasive front of the T4-2 tumors (Fig. 1F) , providing circumstantial evidence that 14-3-3σ may promote tumor invasion into the surrounding stroma. Indeed, tumor xenografts formed from T4-2 cells expressing shRNAs targeting 14-3-3σ (sh-14-3-3σ) showed more distinct margins and less perturbation to the adjacent normal tissue in comparison with control tumors (Fig. 1G and Fig. S2 ) again independent of tumor proliferation (Fig. S1 ). These data suggest a role for 14-3-3σ in regulating a growth-independent transition toward invasion in two independent, isogenic models of BLBC progression.
14-3-3σ Is Associated with BLBC and Is an Independent Prognostic Marker. Given the conflicting literature regarding 14-3-3σ expression in breast cancer (see details in the Introduction) and our data obtained using BLBC cell lines, we performed additional immunohistochemical analysis on a tissue microarray containing replicate tumor cores of invasive breast cancers from 245 patients to assess the expression of 14-3-3σ, and its associations with clinicopathological features and the expression of additional breast cancer phenotypic markers. Specifically, we investigated whether tumors that are positive for 14-3-3σ have an increased or decreased frequency of positivity for established tumor markers than expected by chance. We observed strong cytoplasmic in 16.2% of patients (Table 1) , which correlated with Error bars represent the SEM, and statistical significance was calculated using a two-tailed Student t test (*P < 0.05; **P < 0.01). (D) T4-2 sh-14-3-3σ cells have decreased motility on the single-cell scale. Mean individual cell velocities for 25 cells over a 24-h time lapse were calculated using particle tracking analysis. Cells were additionally treated with EGF (10ng/mL) or AG1478 (tyrphostin; 100 nM) in adjacent wells. Error bars represent the SEM, and statistical significance was calculated using a one-way analysis of variance (ANOVA) with Bonferroni's multiple comparison posttest. (E) Individual tracks of T4-2 sh-14-3-3σ (n = 25) and control cells (n = 25) over a 24-h time lapse showing the influence of 14-3-3σ knockdown on path length. L avg indicates the mean track length. Statistical significance was calculated using a two-tailed Student t test. (F) Immunohistochemical staining of 14-3-3σ in a T4-2 xenograft. The surrounding mouse stroma is negative for 14-3-3σ staining (Upper). A heat-map representation of the same tumor section emphasizes the 14-3-3σ distribution at the tumor invasive front (Lower). (Scale bar: 100 μm.) (G) Representative H&E stains of tumors derived from T4-2 sh-scr and sh-14-3-3σ xenografts. Tumors formed by injecting T4-2 sh-scr cells have poor demarcation and frequently disrupt adjacent normal tissues, whereas T4-2 sh-14-3-3σ tumors have much clearer margins and do not disrupt surrounding normal tissue architecture as robustly. Additional micrographs can be found in Fig. S2 . Asterisk indicates tumor; m, margin. (Scale bar: 100 μm.) (H) Expression of 14-3-3σ correlates with decreased overall, recurrence-free, and metastasis-free survival in a series of 295 patients grouped by 14-3-3σ expression. P values were calculated using the log-rank test; 14-3-3σ low or high indicates 14-3-3σ mRNA expression levels lower or higher than the median expression in the cohort.
high histological grade, with high Ki-67-proliferative index, and with several other BLBC markers (K5/6, K14, K17, EGFR, and caveolins 1 and 2). In contrast, 14-3-3σ immunoreactivity correlated inversely with luminal tumor markers (ER, PR, and FOXA1). When tumors were subclassified using an immunohistochemical surrogate of intrinsic subtypes (24), 14-3-3σ immunoreactivity was observed in 70% (16/23) of BLBC tumors and in 9% (15/164) of nonbasal tumors. Furthermore, using a breast cancer cohort comprised of 295 patients with well-documented follow-up (25), we found that 14-3-3σ expression correlated with shortened overall, recurrence-free, and metastasis-free survival (Fig. 1H ) and was prognostic independently of other biomarkers (Table S1 ), such as patient age, tumor size, tumor grade, ER status, node status, adjuvant therapy received, intrinsic subtypes, wound-healing signature (26) , and 70-gene signature (27) . We have, thus, validated 14-3-3σ as a marker correlating with poor clinical outcome and aggressive breast cancer subtypes and concurrently validated the culture models as useful surrogates for investigating how 14-3-3σ may be linked to the aggressive clinical features of BLBCs.
14-3-3σ Regulates Actin Dynamics in a Ligand-Binding Mechanism.
How does 14-3-3σ contribute to cell migration and invasion in culture and in vivo? Cell migration requires dynamic remodeling of the cytoskeleton at both the leading and the trailing edges of a cell or a group of cells in response to biochemical and mechanical stimuli; as a consequence, cytoskeletal dynamics often become deregulated during tumor invasion (28, 29) . We investigated whether the motility and invasion phenotypes observed in sh-14-3-3σ cells are coupled to altered cytoskeletal dynamics. Comparing to control cells, T4-2 sh-14-3-3σ cells had a ∼twofold increase in filamentous (F)-actin staining intensity and a ∼twofold decrease in the level of Triton X-100 soluble actin ( Fig. 2 A and B) , suggesting the dynamics of actin turnover and/or assembly are perturbed. To test this, we performed fluorescence recovery after photobleaching (FRAP) experiments using an F-actin live-cell probe (30) and observed a ∼twofold increase in the rate of F-actin fluorescence recovery in sh-14-3-3σ cells (Fig. 2C) , consistent with an increase in actin-polymerization kinetics rather than a suppression of filament turnover (31) . By performing Western blot on whole cell lysates, we observed no difference in the total actin levels between cells (Fig.1B and Fig. S3A ), indicating that actin polymerization is more rapid in sh-14-3-3σ cells independent of changes in total protein level. These data provide multiple lines of plausible evidence implicating 14-3-3σ as a regulator of actin dynamics and solubility.
To address whether 14-3-3σ influences cytoskeletal dynamics by a ligand binding mechanism and to rule out the possibility that the actin phenotype is simply an off-target effect of shRNA silencing, rescue constructs were generated to enable forced expression of wild-type 14-3-3σ (14-3-3σ WT ) or a C-terminal truncated 14-3-3σ (14-3-3σ ΔC ). The latter is the human equivalent of the 14-3-3σ mutation responsible for the repeated-epilation mouse phenotype (32) , and the truncation eliminates two helices and an acidic region thought to be important for 14-3-3 ligand interaction (33) . When introduced into sh-14-3-3σ cells, only 14-3-3σ WT was able to rescue the deregulated actin polymerization in comparison with an unrelated protein, Gus, and to 14-3-3σ ΔC (Fig. 2D) . These data indicate that 14-3-3σ regulates both actin dynamics and motility in cells, that this occurs in a ligand-binding mechanism, and that the actin phenotype is not an off-target effect of shRNA expression.
Stimuli from the cell microenvironment promote localized activation of Rho family GTPases (Rac, Rho, and cdc42), and depending on the activity of these and other factors, such as cofilin, Src, Erk, and LIM Kinase (LIMK), results in the formation of discreet actin structures to promote or inhibit cell migration (29, (34) (35) (36) . We performed Western blot analysis on the sh-14-3-3σ and control cells but were surprised to find that there were no differences in the activity of any canonical actin regulatory molecules tested (Fig. S3A) , indicating that 14-3-3σ regulates cytoskeletal dynamics most probably downstream of these signaling pathways in BLBC cells. 
14-3-3σ Interacts Directly with Soluble Actin and Inhibits Its
Polymerization in Vitro. Given that 14-3-3σ appears to regulate actin dynamics (Fig. 2) downstream of small GTPases and other actin-reorganizing factors (Fig. S3A) , and that actin is one of many ligands known to interact with 14-3-3σ by mass spectrometry-based analysis (21), we asked whether it may interact directly with actin in BLBC cells and, if so, whether this influences actin dynamics. Using FLAG-affinity immunoprecipitation from cell lines and GST-pull down experiments with purified proteins, we were able to measure direct interaction between 14-3-3σ and actin and, furthermore, show that the C terminus of 14-3-3σ is required for this interaction (Fig. 3A and Fig. S3B ). Using F-actin sedimentation assays, we were unable to observe interaction between 14-3-3σ and F-actin, suggesting that the actin that coimmunoprecipitated with 14-3-3σ was globular (G) actin (Fig. S3D) . We then tested whether actin dynamics are influenced through interaction with 14-3-3σ. By performing a series of in vitro actin-polymerization assays, we observed that pretreating G-actin with GST-14-3-3σ attenuated subsequent actin polymerization: there was a consistent twofold increase in the amount of G-actin remaining in solution following polymerization relative to pretreatment with GST alone and a modest, but highly reproducible, inhibition of pyrene actin-polymerization kinetics (Fig. 3 B and C) . Similar data were obtained using AlexaFluor488-conjugated actin (488-actin), where fewer actin fibers were visible following 488-G-actin polymerization in the presence of GST-14-3-3σ (Fig. 3B) . The use of an actin barbed-end polymerization assay revealed that 14-3-3σ inhibited 488-G-actin in situ in cell lines that contained low endogenous 14-3-3σ (Fig. S3C) . Thus, 14-3-3σ interacts directly with G-actin, and this interaction is suffi- sh-14-3-3 ** * Fig. 3 . Protein 14-3-3σ interacts with actin and inhibits its polymerization, maintaining a pool of soluble actin for optimal F-actin remodeling during cell migration. (A) 14-3-3σ directly interacts with actin in cells and in vitro. (A, i) FLAG immunoprecipitation, showing that both 14-3-3σ WT and 14-3-3σ ΔC are able to interact with endogenous 14-3-3σ (shown by the asterisk), but only full-length 14-3-3σ forms stable complexes with actin. (A, ii) GST pull-down experiment, showing that GST-14-3-3σ, but not GST, interacts directly with purified actin in vitro. IB, Western blot; IP, immunoprecipitation. (B) G-actin pretreatment with GST-14-3-3σ inhibits subsequent polymerization into F-actin. This was observed by fractionating the residual G-actin from F-actin following polymerization (B, i) and by polymerizing AlexaFluor488-conjugated G-actin (488-G-actin) and imaging F-actin fibrils by confocal microscopy (B, ii). Depicted is the maximum intensity projection of 20 superimposed fields. The quantification (B, iii) is the residual G-actin pool following polymerization of actin from B, i. Error bars represent the SEM, and statistical significance was calculated using a twotailed Student t test (***P < 0.001). (C ) Protein 14-3-3σ modestly inhibits pyrene actin polymerization in vitro. Pyrene G-actin was pretreated with 14-3-3σ and subsequently polymerized, with pyrene F-actin fluorescence measured in 60-s intervals. Note the decrease in V max (slope of linear portion of curve before the plateau) and the decline in plateau height (shift toward more soluble actin) in the presence of 14-3-3σ. Statistical significance was calculated using two-way ANOVA. (D) Forced expression of wild-type actin, but not a mutant actin that is unable to polymerize (R62D), rescues the decreased motility (D, i ) and invasion (D, ii ) phenotypes in sh-14-3-3σ cells. Error bars represent the SEM, and statistical significance was calculated using a two-tailed Student t test (*P < 0.05; **P < 0.01).
cient to modestly inhibit polymerization of G-actin to F-actin in the absence of other cofactors.
14-3-3σ Stabilizes a Soluble Complex of Actin, Keratin 5, and Keratin 17 to Concomitantly Regulate Actin and Intermediate Filament
Dynamics. The above data suggest a model by which 14-3-3σ coordinates cell motility and invasion by regulating actin bioavailability and solubility. In sh-14-3-3σ cells, actin-polymerization rates are elevated and the pool of soluble actin declines, possibly making the availability of soluble actin (G-actin) a ratelimiting factor for cell motility. In accordance with predictions from this model, forced expression of actin, but not a mutated actin (R62D) that is unable to polymerize (37), rescued the deficient motility and invasion in cells devoid of 14-3-3σ (Fig. 3D) . However, the modest influence on pyrene actin-polymerization kinetics suggested that the regulation of cytoskeletal dynamics by 14-3-3σ may be more elaborate than a simple actin binding and sequestration mechanism.
To probe further, we performed quadrupole time-of-flight mass spectrometry analysis on endogenous coimmunoprecipitated 14-3-3σ ligands to further characterize the mechanism and identified K5 and K17 as the predominant proteins also present in the complex; these results were verified by Western blot analysis and K5 coimmunoprecipitation (Fig. 4A ). K5 and K17 are frequently coexpressed in myoepithelial cells and in BLBC (38) , and their expression predicts poor breast cancer clinical outcome independent of tumor grade and size in node-negative disease (39) . To our knowledge, there are no previous reports of direct interaction between K5 and K17, nor between either of these cytokeratins and actin, in myoepithelial cells or in BLBC cells.
Knock down of 14-3-3σ led to excessive polymerization and disorganized intermediate filaments similar to our observation on actin dynamics; sh-14-3-3σ cells also had less soluble K5 and K17 relative to control cells (Fig. 4 B and C) . Furthermore, there was a decrease in the amount of actin that coimmunoprecipitated with K5 in sh-14-3-3σ cells, indicating that 14-3-3σ, in fact, stabilizes the formation of the actin/K5/K17 complex (Fig. 5A) . These data suggest that 14-3-3σ influences cell motility and invasion by stabilizing the formation of a soluble, bioavailable cytoskeletal complex, thus ensuring cells have a ready reservoir when needed to respond to promigratory cues from their microenvironment.
Integration of Cytoskeletal Homeostasis, Filament Solubility, and Tumor
Invasion by 14-3-3σ Requires PKCζ-Dependent Phosphorylation. It is known that cytokeratins are rapidly depolymerized in the presence of phosphatase inhibitors such as the protein phosphatase 2A (PP2A) inhibitor, okadaic acid, indicating that intermediate filament homeostasis is regulated by phosphorylation (40) . Furthermore, it was shown previously that protein kinase Cζ (PKCζ) phosphorylates K18 at a 14-3-3-binding site, leading to K8/K18 solubilization through interaction with 14-3-3ζ (41, 42) . We asked whether formation of the 14-3-3σ/K5/K17/actin complex, cytoskeletal solubility, and cell motility are promoted by PKCζ-dependent phosphorylation and/or antagonized by PP2A-dependent dephosphorylation. Treatment of cells with a myristoylated PKCζ pseudosubstrate peptide inhibitor ablated the interaction between the cytoskeletal proteins and 14-3-3σ, concomitantly shifting the cytoskeletal dynamics toward more filamentous actin and keratins (and, thus, less soluble proteins) and eliminated cell motility (Fig.  5 B-D) . In contrast, treatment with okadaic acid led to rapid solubilization of both actin and intermediate filaments and yet eliminated cell motility analogous to the PKCζ inhibitor. Together, these data indicate that cell motility requires an optimal balance of actin and intermediate filament dynamics and solubility, in particular, rapid cycling of monomers between soluble and filamentous states. This cycling, in turn, is orchestrated by PKCζ-dependent phosphorylation, PP2A-dependent dephosphorylation, and direct interaction between solubilized cytoskeletal components and 14-3-3σ.
Discussion
How the different cytoskeletal components interact to bring about coordinated movement and function is a rich and active field of investigation. In this paper, we present data suggesting that 14-3-3σ functions as a "cytoskeletal rheostat" influencing cell motility and invasion by stabilizing the formation of a bioavailable cytoskeletal complex: these interactions maintain the dynamic cycling between soluble and filamentous cytoskeleton necessary for optimal cell migration (Fig. 5E ). Other 14-3-3 family members were shown previously to regulate intermediate filament architecture by functioning as K8/K18 solubility cofactors in a PKCζ-dependent mechanism (40) (41) (42) . In addition, a number of studies have highlighted different mechanisms by which 14-3-3 family members regulate actin dynamics either through stabilizing cofilin phosphorylation or by inhibiting signals through the AKT-RhoA pathway (12, (43) (44) (45) .
Here, we elucidated a mechanism that unifies the previously reported models by which 14-3-3σ concomitantly regulates actin and intermediate filament homeostasis in breast cancer: it stabilizes a complex of soluble (nonfilamentous) actin and keratins to integrate cytoskeletal dynamics with cell motility (Figs. 2-5 ). We show further that regulation of cytoskeletal homeostasis by 14-3-3σ depends on PKCζ providing an opportunity (Fig. 5) to target 14-3-3σ in invasive breast cancers by pharmacological inhibitors. This is particularly important because unlike ER + or HER2 + subtypes, BLBC currently lacks targeted therapeutics. Cells were fractionated into 1% Triton X-100-soluble and -insoluble pools, and then the ratio of soluble to insoluble actin was measured and quantified by Western blot. Error bars represent the SEM, and statistical significance was calculated using a twotailed Student t test (*P < 0.05; **P < 0.01).
Cells expressing shRNAs targeting 14-3-3σ have decreased motility and tumor invasion (Fig. 1 and Fig. S1 ) and deregulated actin and intermediate filament polymerization (Figs. 2 and 4) . Specifically, our F-actin FRAP experiments indicate that the rate of actin polymerization is higher in sh-14-3-3σ cells, perturbing the dynamic cycling between monomeric and filamentous cytoskeleton necessary for persistent cell migration. In such cells, the availability of soluble cytoskeletal proteins becomes a ratelimiting factor for migration (Figs. 3D and 5E) . Surprisingly, however, we found no change in the overall activity of LIMK, AKT, cofilin, small GTPases, and other canonical cytoskeletal signaling molecules in T4-2 sh-14-3-3σ cells (Fig. S3A) . However, we observed 14-3-3σ stabilizes a multimeric complex containing actin, K5 and K17 downstream of these signaling pathways, thus maintaining a soluble pool of cytoskeletal proteins for eventual incorporation into dynamic filaments during migration (Fig. 5A) . These data are concordant with prior studies (40) (41) (42) and provide evidence that the 14-3-3 family members regulate global cytoskeletal homeostasis in a mechanism more elaborate than previously appreciated.
Our data suggest that 14-3-3σ provides a signaling switch bridging cytoskeletal dynamic equilibrium with cell motility. Loss of cytoskeletal homeostasis in sh-14-3-3σ cells or in cells grown in the presence of pharmacological inhibitors targeting PKCζ or PP2A results in suboptimal cytoskeletal plasticity, leading to loss of cell motility. Intriguingly, 14-3-3ζ has previously been shown to interact with keratins and with actin (46, 47) , and, like 14-3-3σ ( Fig. 1 and Table S1 ), 14-3-3ζ expression in breast cancer is associated with poor clinical outcome (48, 49) . Given the body of literature linking actin-regulatory proteins and BLBC keratins with tumor cell invasion, metastasis, and poor clinical outcome (28, 29, 34, 39, 50) , we suggest 14-3-3σ regulation of cytoskeletal dynamics may play a fundamental role in BLBC progression to metastatic disease. Intriguingly, Saccharomyces cerevisiae strains with dominant-negative or temperature-sensitive mutations to BMH1 or BMH2, genes encoding yeast 14-3-3 homologs, display disrupted actin cytoskeletal integrity and polarity (51, 52) , suggesting that regulation of the cytoskeleton by 14-3-3 is conserved across evolution.
The protein 14-3-3σ is frequently described as a canonic tumor suppressor. Despite the evidence supporting this description (see details in the Introduction), it is surprising that there are no reports of its overexpression resulting in the suppression of tumors in vivo. Using a tissue microarray derived from 245 cases of invasive breast carcinoma, we showed clearly that robust 14-3-3σ expression is most frequent in patients with BLBC (Table 1) . It was shown previously that 14-3-3σ expression in ER + tumors is also associated with poor clinical outcome (23) . Indeed, in the Netherlands Cancer Institute (NKI)295 cohort, 14-3-3σ is a predictor of poor clinical outcome independent of clinicopathological parameters and genomic predictors, including intrinsic subtypes and ER status (Table S1 ). Our data suggest that 14-3-3σ should not be regarded exclusively as a tumor suppressor in cancers of the breast and possibly other tissues. In addition to our studies, others also have questioned this generalization (for a review, see ref. 53) . Given the previous reports linking 14-3-3σ with polarity and metastasis suppression in HER2 + mouse mammary gland cancer models (17, 18) , our data suggest that the functions of this intriguing protein are contingent on the cancer subtype. In agreement with prior reports, we observed only 6% (2 of 28) of HER2 + tumors retained detectable 14-3-3σ expression (Table 1) .
In summary, we show that 14-3-3σ is directly linked to cell migration and invasion independent of proliferation and that its expression in tumors is highest at the invasive front where soft tissue infiltration occurs. We elucidate a mechanism by which 14-3-3σ may regulate cell migration and tumor invasion in vivo by directly regulating cytoskeletal dynamics and provide evidence All cytoskeletal pharmacological inhibitors terminate cell migration, indicating that the correct balance of soluble to insoluble cytoskeleton is necessary for optimal cell migration. Velocities for 25 individual cells were calculated using particle tracking analysis. Error bars represent the SEM, and statistical significance was calculated using a one-way analysis of variance with Bonferroni's multiple comparison posttest. (E) A proposed model by which cytoskeleton dynamic equilibrium and cell motility are integrated by 14-3-3σ; 14-3-3σ maintains a soluble pool of nonfilamentous cytoskeletal nuclei to be assimilated into filaments as needed during motility. Formation of this soluble pool depends on PKCζ and is antagonized by PP2A. Disrupting cytoskeletal homeostasis, either by using pharmacological inhibitors that shift the equilibrium away from the optimal ratio of soluble to filamentous cytoskeleton or by using shRNAs targeting 14-3-3σ, leads to decreased tumor cell motility and invasion.
that targeting the 14-3-3σ/PKCζ/cytoskeleton pathway may benefit patients who present with high expression of 14-3-3σ.
Materials and Methods
Cell Culture and Inhibitors. HMT-3522 S1, S2, S3C, and T4-2 were maintained in tissue culture monolayers or in 3D (Matrigel) cultures as described previously (4) . The MCF10 series was kindly provided by Fred Miller (Karmanos Cancer Institute, Detroit, MI) and cultured as recommended (8) . MDA-MB-231, BT549, and HCC1143 cell lines were obtained from ATCC and were maintained as recommended. Okadaic acid, myristoylated PKCζ pseudosubstrate and cytochalasin D were obtained from Calbiochem and were used at concentrations of 0.1 μg/mL, 1 μM, and 5 μM, respectively, for 1 h before analysis.
Animal Studies. For xenografts, 5,000,000 cells in 50% (vol/vol) Matrigel/ Media were injected s.c. into the rear flanks of 8 wk old female BALB/c (nu/ nu) mice. Tumors were allowed to grow for 5-6 wk and subsequently formalin fixed and paraffin embedded for H&E staining (University of California, San Francisco Mouse Pathology Core). Experiments were performed using a protocol approved by the Lawrence Berkeley National Laboratory Animal Research and Welfare Committee.
Immunohistochemistry. Immunohistochemistry was performed as previously described for 14-3-3σ (23) or Ki-67 (4). Tissue microarray sections were scored by two observers (F.C.G. and J.S.R.-F.), with observers blinded to the results of other immunohistochemical markers and patient outcome. For heat-map projection, 16-bit images were inverted and a 16-color lookup table was applied using ImageJ software.
Western Blot, Small-GTPase Assays, and Immunoprecipitation. A complete list of antibodies and reagents used for Western blot, GTPase activity, cytoskeletal fractionation, and immunoprecipitation can be found in SI Materials and Methods.
Constructs. Lentiviral expression constructs were kindly provided by Eric Campeau (Lawrence Berkeley National Laboratory) or purchased (Invitrogen). pGEX-2TK 14-3-3σ was kindly provided by Michael Yaffe (Massachusetts Institute of Technology, Cambridge, MA; Addgene plasmid 11944). The actin constructs were described previously (37) . Detailed subcloning methods can be found in SI Materials and Methods.
Migration, Invasion, and Other Motility Assays. Cell motility, chemotaxis, and invasion were measured using standard assays as described in SI Materials and Methods. Single-cell tracking movies were captured using a microscope fitted with an incubator over a period of 20 h in the presence or absence of EGF (10 nM; Sigma-Aldrich) or AG1478 (100 nM; Calbiochem). Cell tracking was performed on >25 cells per well using ImageJ software (Manual tracking macro).
Confocal Microscopy. Immunofluorescence was performed as recommended by antibody suppliers (SI Materials and Methods). Cells were seeded in the same chamber slides to ensure equivalent antibody exposure and washing conditions between cell lines. Microscopy was performed with a spinning disk (Yokogawa) confocal based on a Zeiss Axiovert 200 or on a Zeiss 710 laser scanning microscope using a 63× Plan Apochromat (1.4 numeric aperture) oil immersion lens. For F-actin imaging, the basal-most focal plane was depicted to provide a convenient reference point. For FRAP experiments, cells were seeded on collagen-coated 1.0 chamber coverslips; only cells weakly expressing LifeAct-mCherry were analyzed to minimize the chance of disrupting endogenous actin dynamics. Bleaching and recovery kinetics were analyzed using the FRAP module within Zen 2008 software using a Zeiss 710 LSM.
In Vitro Assays. Actin was purified from young rabbit muscle tissue (Pel-Freez) according to previous methods (54); 488-actin and biotinylated actin were generated by labeling F-actin with AlexaFluor488-TFP ester (Invitrogen) or Sulfo-NHS-Biotin (Pierce) according to the manufacturer's protocol, followed by subsequent cycles of depolymerization, polymerization, and depolymerization to ensure retention of activity following bioconjugation. Pyrene-labeled actin was obtained commercially (Cytoskeleton). Recombinant GST-14-3-3σ and GST were purified from BL21(DE3)pLysS cells (Promega) using glutathione Sepharose 4B (GE Healthcare) as described (33) . In vitro and in situ actin-polymerization assays were performed as described in SI Materials and Methods.
Microarray Expression-Profiling Survival Analysis. Expression data for patients comprising the NKI295 cohort (25) and clinical data (26) were downloaded from the Stanford Microarray Database server (http://microarray-pubs.stanford. edu/wound_NKI/explore.html; currently available at http://changlab.stanford. edu/2005-PNAS-Data.html). Patients were sorted based on 14-3-3σ expression into high (above median) and low (below median) groups for Kaplan-Meier survival analysis.
Statistics. All statistics reported were calculated using GraphPad Prism software (Version 5.01) and are the two-tailed, 95% confidence interval P values.
